Understanding the relationships between Coffea arabica L. and the native tree community of secondary forests regrowing after the abandonment of coffee plantations is important because, as a non-native species in the Neotropics, coffee can outcompete native species, reducing diversity and forests ecosystem services. We aimed to answer three questions: 1) Does coffee regeneration in secondary forests differ between shaded and unshaded abandoned plantations?; 2) How is coffee basal area related to structural attributes, species diversity and composition of the native community?; and 3) Do the relationships between coffee and native community differ between tree and sapling components? We sampled the tree and sapling components in a seasonal tropical dry forest that were previously used as shaded and unshaded coffee plantations. Coffee was the most important species in the sapling component of shaded systems, but was almost absent in unshaded ones. Coffee basal area was negatively related with the native density and absolute species richness of the sapling component; and was negatively related with tree density, and positively related with the percentage of pioneer individuals of the native tree component. Our results indicate that coffee persists in secondary forest communities even after more than 70 years of shaded-coffee plantations were abandoned, potentially reducing density and diversity of native species. Despite limitations, which hinder more general conclusions on coffee invasiveness in Brazilian secondary tropical forests, our results indicate that coffee is a strong competitor in the studied secondary forests and provide important insights for future research on this topic.
Introduction
Secondary forests account for most forest cover in the world [1] , and their extension and importance are likely to increase in the future [2] . During secondary forest succession, a mix PLOS ONE | https://doi.org/10.1371/journal.pone.0194032 March 14, 2018 1 / 15 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 three main questions: 1) Does coffee persistence in secondary forests differ between shaded and unshaded abandoned plantations? We hypothesized that after abandonment, the relative importance of coffee (i.e. density, basal area and frequency) would be higher in forests growing in previously shaded areas because their environmental conditions would be more similar to forests where coffee is native since the plantation abandonment, while unshaded coffee will experience the hash environmental of initial stages of forest succession before get fully shaded; 2) How is coffee basal area related to the structure, species diversity and composition of the native community? We hypothesized that coffee (a non-native species) would be negatively related with native forest attributes (e.g. species density, basal area, species richness, and percentage of pioneer individuals); 3) Do the relationships between coffee plants and the native community differ between tree and sapling components? We hypothesized that the relationship of coffee (an understory species) and the native community is size-dependent, being stronger for the sapling component than the tree component.
Methods

Study areas and species sampling
This study was conducted in three patches of seasonal dry forest in Juiz de Fora municipality, Minas Gerais state, Brazil. Two of them are located in the Botanical Garden of the Federal University of Juiz de Fora (BGJF-1 and BGJF-2, 21˚43.894' S and 43˚22.354' W, 80 ha) and the other in the Mariano Procópio Park (MPP, 21˚44.732' S and 43˚21.547' W, 5 ha). Sampling permission in BGJF was granted by Federal University of Juiz de Fora and permission in MPP was granted by the administration of MPP. The distance between BGJF and MPP is 2.3 km and both areas are conservation units surrounded by an urban matrix. During the sampling, no signs of cattle grazing, fire and/or selective logging were observed. These forests experience a homogeneous climate, defined as warm temperate climate (Cwb Megathermic climate of Köppen), with warm and rainy summers and dry winters. Mean annual rainfall is 1516 mm and mean annual temperature is 19˚C [36] . Altitude ranges from 700-760 m a.s.l., and soil type is predominantly Dystrophic Red-Yellow Latosol.
In the past (> 70 years ago), coffee cultivation was an important economic activity in the region of Juiz de Fora [37] and the study areas were covered by coffee plantations. Two of them (BGJF-1 and MPP) used the shaded coffee plantation system (native trees shading the coffee), and one (BGJF-2) used the unshaded coffee plantation system (traditional monoculture, where coffee is cultivated under full sun). In shaded areas, coffee was cultivated under a canopy of the native species Piptadenia gonoacantha (Fabaceae) due to the ability of this species to fix nitrogen, its longevity, and provide a broad canopy. The preparation of a shaded coffee plantation included the elimination of all the native vegetation with exception of relatively few canopy individuals. In the 1930s, Brazil experienced an economic crisis in coffee cultivation, and most of coffee plantations located in the region of Juiz de Fora were abandoned [37] , allowing the regeneration of secondary forest patches that we used in this study. Unfortunately, satellite or aerial images that could help us to show the original coffee plantations are not available, considering that they were abandoned > 70 years ago, and the only sources of information on the age of the forest patches and past land-use history were interviews with local residents, landowners, based on official documents of BGJF and MPP, and previous studies in the area [37] [38] [39] . Although some farmers used to harvest old coffee trees for firewood prior to plantation abandonment, this was not the case for our study areas.
To evaluate the tree component, we allocated 25 randomized sample plots (20 x 20 m) in BGJF-1 (shaded coffee) and BGJF-2 (unshaded coffee), totalling 1-ha sample in each area. In MPP (shaded coffee) we allocated 10 randomized sample plots (20 x 20 m) totalling 0.4 ha sample. We sampled 10 plots instead of 25 plots in MPP because it is a small forest fragment (5 ha).We randomized sample plots in the core areas of each forest, so as to avoid edge effect in our plots. In each plot, the tree component included all living trees with stem diameter at breast height (DBH, 1.30 m) ! 5 cm. Trees were tagged, identified to species level and their diameter was measured. To evaluate the sapling component, sub-plots of 5 x 5 m were allocated inside each tree component plot (southeast corner), and all saplings with DBH 5 cm and height ! 1 m were tagged, identified to species level and their diameter was measured.
Species ecological groups
Evaluating species into ecological groups is useful to understand how communities differ in species composition (e.g. successional stage) [33] . In forestry studies, species are usually classified according to their light requirements to establish and survive [32, 40] . Thus, we classified species into two successional groups according to the forest inventory data of Minas Gerais state [41] as pioneer species (P), that have high light requirements for successful establishment, growth and survival; and non-pioneer species (NP) that can establish and survive in shaded conditions. We acknowledge that non-pioneer (or shade tolerant species) can have a range of life strategies, as some have the ability to establish and survive in the shade during the whole life, whereas others establish in the shade but require a gap to grow to larger sizes [32] . However, most forestry studies have focused on the classical trade-off between pioneer species (fast-growing species with short life span) and shade tolerant species (slow-growing species with long life span) to explain ecosystem processes [42, 43] . Successional groups were available for most species sampled, covering 96% of sampled individuals. Additional information on species sampled and their classification into successional groups can be found in S1 Table.
Data analysis
We evaluated the parameters of species relative importance values (RIV, i.e. relative density, basal area and frequency) in each forest patch and each community component. To test whether coffee regeneration RIV parameters differ between coffee cultivation systems (shaded vs unshaded) we used generalized linear mixed models (GLMM), including patch size as a random effect (to account for the possible confounding effect of patch size in our results). To account for the nestedness of plots within forest patches, we performed simultaneous autoregressive (SAR) models, assuming spatial autocorrelation among plots and including a second error term in the GLMM. SAR models evaluate the spatial dependence in the residuals of GLMM (SAR error ), reducing or even removing the spatial correlation among plots [44, 45] . In SAR models, it is necessary to define a minimum weighted neighborhood structure to fit the spatial structure of the models residuals. We used a neighborhood distance of 0.003 decimal degrees (~300 m), because this was the maximum distance between plots within each forest patch, and sufficient to consider plots of different patches as non-neighbour plots [46] . To evaluate if SAR models removed the spatial autocorrelation, we performed Moran's I tests for GLMM and SAR models. A p-value from Moran's I test higher than 0.05 indicates that the model residuals do not show spatial autocorrelation.
To evaluate the relationships between coffee basal area and native forest attributes we used six parameters per plot including only native species: tree density (number of individuals), basal area (cm 2 ), absolute species richness (S), rarefied species richness (S'), species diversity (Shannon-Wiener index, H') and percentage of pioneer individuals (number of pioneers divided by total number of individuals). We used rarefied species richness to account for the confounding effect of tree density in species richness [47] . For rarefied richness we used 9 individuals, as this number was found in most plots in both tree and regeneration components (S2 Table) . We calculated these parameters for the tree component and sapling component separately. To test how coffee is related with native flora, we performed bivariate relationship analysis between coffee basal area and native forest attributes, using GLMMs (including patch size as random effect) and SAR error models. We used coffee basal area as a predictor because basal area better reflects species relative biomass, which is a better indicator of plant performance than abundance (i.e. the effect of one larger coffee tree is stronger than many coffee saplings). We did not include unshaded patch in the bivariate relationships between coffee and native forest attributes because coffee was absent in most plots (BGJF-2, see results section).
When necessary, data were square root transformed prior to analysis to meet the assumptions of normality, homoscedasticity, to reduce the effect of outliers, and to account for possible nonlinear relationships between variables. All analyses were performed using the platform R (R-Core-Team, 2015) and with the following packages: lme4 [48] , vegan [49] , spdep [50] , and ggplot2 [51] . Additional information on plot structural, diversity, and composition attributes can be found in S2 Table. Results A total of 4,250 individuals (189 species and 48 families) were sampled in the tree component and 2,400 individuals (148 species and 40 families) in the sapling component (S1 Table) . We found significantly lower values of coffee relative basal area, density and frequency in plots of the unshaded coffee system compared to plots of the shaded coffee system (Figs 1 and 2 ). Coffee was the most representative species in the sapling component of the shaded system, with 45% of individuals, 36% of basal area, and occurring in 93% of sample plots (Figs 1 and 2 ). Conversely, coffee had a small population in the sapling component of unshaded coffee system, with 2% of individuals, 0.4% of basal area, and occurring in 12% of the plots (Fig 1) . In the tree component, only 32 individuals (< 0.01% of sampled individuals) of coffee were sampled in the three areas.
Discussion
We evaluated how coffee populations are related to structural and diversity attributes of secondary forests growing after abandonment of shaded and unshaded coffee plantations. We found that coffee population persisted (after more than 70 years of abandonment) with high basal area, density, and frequency in the understory of shaded plantations but was almost absent in the unshaded plantation. We found that coffee was negatively related with native density (tree and sapling components), and absolute species richness (sapling component), and was positively related with the percentage of pioneer individuals (tree component).
Previous coffee cultivation system (shaded and unshaded) influences the persistence of coffee population
We hypothesized that the relative importance of coffee would be higher in secondary forest growing in abandoned shaded plantations because coffee trees are under similar conditions to its native habitat since plantation abandonment. Conversely, although a shaded environment will be achieved in unshaded plantations areas after decades of abandonment, coffee trees experience a harsh environment during initial stages of forest succession before they get fully shaded. We indeed found higher coffee relative basal area, density and frequency in shaded plantations than unshaded plantations (Figs 1 and 2) . Similar results were found in other studies evaluating secondary forests regeneration after coffee plantation abandonment, where coffee shows higher dominance in shaded systems than in unshaded systems or in open areas, such as pastures within a coffee plantation matrix [52] [53] [54] . When an unshaded coffee plantation is abandoned, many coffee trees may be outcompeted by native climbers, shrubs and early pioneers that aggressively colonize abandoned areas under full sunlight. Moreover, under full sun condition, coffee has a shorter life span and is highly dependent of external resource inputs, usually alternating between high and low production over the years [55, 56] . Therefore, coffee populations from unshaded plantations can be strongly reduced before they achieve the shaded environment of secondary forests in latter successional stages. On the other hand, when a shaded coffee plantation is abandoned, coffee trees are already under an established canopy and compete in a thinned and shaded understory, which favors coffee growth [53] . Moreover, under shaded conditions coffee usually has longer periods of fruit production and a more constant production every year (e.g. less sensitive to yearly rainfall variations than unshaded coffee). Shading trees can also enhance coffee performance in the shaded system by reducing local environmental stresses that constraint coffee growth (e.g. wind intensity, desiccation, temperature variation and soil degradation), and by increasing nutrient recycling through litter decomposition [57] [58] [59] . Finally, a higher number of species surrounding coffee plants can reduce (indirectly, through lower likelihood of growing near a conspecific individuals) the effect of host-specific pathogens and herbivores [60, 61] , attract local fauna, and consequently coffee seed dispersers, thereby increasing coffee performance in shaded systems.
We acknowledge that differences in coffee performance under shaded and unshaded conditions could be related to differences in coffee varieties or cultivars, but unfortunately we do not Table 1 ). Bivariate relationships between coffee basal area and native community attributes differed between tree and sapling components. In the sapling component, coffee basal area was significantly negatively related with native saplings density (SAR regression coefficient β = -0.20) and absolute species richness (β = -0.56) (Fig 3C and 3E) . In the tree component, coffee basal area was significantly negatively related with native tree density (β = -0.03) and positively related with the percentage of pioneer individuals (β = 0.002) (Fig 3D and 3L) . have this accurate information. Yet, considering the interviews with local residents and landowners, the long-time interval since plantations were abandoned (>70 years), and that research on high-yielding and disease-resistant coffee varieties only occurred from the late 1960s, we assumed that coffee plants in all studied forest patches belong to the same cultivar of Coffea arabica.
Our results indicate that coffee is a strong competitor in secondary tropical forests growing after the abandonment of shaded plantations, and highlight the importance of understanding abandoned plantation legacies, because the species cultivated in the original system can persist for a long time and become "ghosts of cultivation past" [10] .
The negative relationships between coffee basal area and the native forest attributes
We hypothesized that coffee basal area (a non-native species in the Neotropics) would be negatively related with native forest attributes, and that these relationships would be size-dependent, being stronger for the sapling component (SC) than the tree component (TC). We indeed found significant relationships between coffee basal area and forests attributes but we found little evidence to support our size-dependent hypothesis, because coffee was significantly related with two out of six attributes for both tree component (tree density and percentage of pioneer species) and sapling component (density and absolute species richness). Our results contrast with many studies that found null or even positive effects of coffee plants on native tree communities [20, 27, 53] , probably because these studies either (1) were conducted in agroforestry systems, that can harbour many native tree species, but most of them are rare species and originated from planting [27] , resulting in low species similarity between agroforests and old-growth forests [53] ; or (2) compared community attributes between forests with coffee and surrounding native forests, without evaluating the direct relationship between coffee and the native community. The negative relationship between coffee basal area and tree and sapling density could be related to the competition for space and resources. Although this is a common pattern find in the natural forests (i.e. if a given species is abundant in a plot, that the rest of the species are less abundant), our results highlight that coffee competition is by far stronger than its ability to facilitate other species. Coffee reaches reproductive stage (4-5 years) at a size when most native tree species are still investing in growth [56] . Increases in coffee Coffee influence on secondary forests dominance (an understory species with dense crown) may increases light competition in the understory where saplings are growing, reducing the establishment of native species in the sapling component and consequently, density of native trees. We also found a negative relationship between coffee basal area and absolute species richness, although we did not find the same relationship for rarefied species richness (a density-independent metric). It is well known that absolute species richness is directly related to the density of individuals, which indicates that coffee basal area and saplings species diversity should not be directly related. However, the number of native saplings in many plots is more likely closer to the lower part of the species rarefaction curve (rather than to the asymptote) and may be not representative of plots actual species richness). Our results suggest that coffee might have at least an indirect effect on saplings species richness, as a consequence of the decrease in native sapling density. We hypothesized that coffee, an understory species with rather dense crown, will reduce the percentage of pioneer individuals that have high light requirements for successful regeneration. Contrary to our expectations, coffee basal area was positively related with the percentage of pioneer individuals in the tree component. Similar results were found for the effect of lianas on tropical forest species, where liana density and the density and species richness of pioneer trees were positively correlated [62, 63] . We suggest four likely, but not mutually exclusive, explanations for the positive relationship between coffee basal area and pioneer tree density. First, coffee may share life-history traits with other shade-tolerant species with high dominance (e.g. Euterpe edulis, Pseudopiptadenia contorta and Siparuna guianensis, that mostly occurs where coffee basal area is low, see Fig 2) , and are therefore likely to compete strongly than with pioneer species. This negative interaction between coffee and other shade tolerant species could be driving the observed pattern. Second, pioneer species are capable of rapid growth [32] , quickly surpassing coffee plants, reaching higher light conditions, and hence, increasing their abundance compared to the slow-growing shade-tolerant species. Third, the positive relationship between coffee and pioneer trees could be driven by the pioneer species instead of by coffee. In the past, the shaded coffee plantations were managed to be shaded by pioneer species such as Piptadenia gonoacantha (a nitrogen-fixing species with high representativeness in the community, see Fig 2) , that provide good environmental conditions for coffee to grow. Nevertheless, other pioneer species such as Nectandra nitidula and Xylopia sericea, though not used to shade coffee plantations, have high density in the tree component where coffee is dominant (Fig 2) . Finally, the intensive past management and actual landscape configuration (small size of the forest patches and the surrounding urban matrix) might play an important role in the vegetation structure and species composition. Such types of forest degradation may reduce native density and species richness itself, and increase the high overall proportion of pioneer species in the communities by limiting the arrival of seeds from nonpioneer species, and hence, reducing the competition for the same resources used by coffee population.
Increases in the abundance of pioneer trees may have multiple effects on forests structure and species composition. For instance, pioneer species have inherent short lifespan and can lead to high biomass mortality and lower standing biomass stocks [64, 65] , reducing forests Bivariate relationships between coffee basal area and native community parameters of sapling and tree components. a) sapling basal area; b) tree basal area; c) sapling density; d) tree density; e) absolute species richness of saplings; f) absolute species richness of trees; g) rarefied species richness of saplings; h) rarefied species richness of trees; i) Shannon diversity of saplings; j) Shannon diversity of trees; k) percentage of pioneer saplings; l) percentage of pioneer trees. Only shaded systems were included because coffee was absent in most unshaded system plots (22 of 25 plots). Regression lines, confidence interval (95%) and Nagelkerke R 2 of SAR models are given for both shaded sites (BGJF-1 -solid symbols, N = 25; and MPP-open symbols, N = 10). Sites were included as random effect to account for the nestedness of the plots within sites, and SAR models were performed to reduce spatial autocorrelation among plots.
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Coffee influence on secondary forests PLOS ONE | https://doi.org/10.1371/journal.pone.0194032 March 14, 2018 carbon stocks and residence time. Moreover, canopy gaps are more frequent in forests dominated by pioneer species, leading to changes in species composition that contrasts sharply with that of mature forests [66] .
We acknowledge that the observed relationships do not necessarily mean causation, and that the small number of replicates and the experimental design does not allow for strong conclusions about the invasive potential of Coffea arabica. However, our study provides important insights for future research in this topic. Given the fact that coffee hardly occurs in secondary forests that were unshaded coffee plantations in the past suggests that coffee may not be considered an strong invasive species, since it cannot persist in areas in which it is not initially planted in its optimal conditions (i.e. shaded environmental). Our findings that coffee is still present in high abundance (accounting for almost half of sampled individuals) in secondary forests from shaded plantations areas after more than 70 years, highlight coffee legacy and persistence in those forests. We also found lower density and diversity of saplings and higher number of pioneer trees where coffee is dominant, suggesting that coffee is a strong competitor in secondary forests, potentially overyielding native species and taking advantage of degraded forests. As a consequence, some important ecological process of secondary forests can be altered, such as species composition, light requirements for regeneration, forest dynamics and aboveground biomass stocks and carbon residence. Moreover, they suggest the need for management of coffee in abandoned shaded coffee plantations because coffee may be negatively related to forest regeneration. Studies on a large-scale will be important to understand the role of this species in such forests and to manage these areas for conservation and sustainable use of agroforestry systems. 
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